Polarization dependence of soft-x-ray Raman scattering was investigated at the Ti 2p absorption edge of TiO 2 . Strong Raman scattering feature appears about 14 eV below elastic peaks with strong polarization dependence. These Raman scattering structures are charge transfer excitations to the antibonding state between 3d 1 L Ϫ1 and 3d 0 states, because they are enhanced when the incident photon energies are tuned at satellite structures of Ti 2p absorption spectrum. Broad Raman scattering structures are found between 3 eV and 10 eV below elastic peaks. They are assigned to be nonbonding type charge transfer excitations or interband transition from O 2p valence to Ti 3d conduction bands, which includes the crystal field splitting in D 2h symmetry with two Ti-O bond lengths.
I. INTRODUCTION
Soft-x-ray fluorescence spectroscopy of solids has been established as a powerful tool to elucidate the partial density of states of the valence band. This process is described as a first order optical process where the correlation between incident and emitted photons is lost. On the other hand, softx-ray Raman scattering ͑SXRS͒ spectroscopy is a second order optical process, and it gives useful information about the electronic structure of both occupied and unoccupied states. A recent brilliant synchrotron radiation source has enabled one to observe SXRS on semiconductors, 1-5 transition metal compounds, [6] [7] [8] [9] [10] [11] [12] [13] [14] and rare earth compounds. 15 The nature of SXRS is basically considered to follow the KramersHeisenberg formula. Because the final state of SXRS conserves the electron number N in the system compared with the final state of the photoelectron with the electron number NϪ1, SXRS is not influenced by the core hole effect, so that it is an extremely powerful tool for exploring the electronic structure in the ground state and the electronic excitations. The electronic excitations of SXRS have been interpreted in different ways according to the models of electronic states. In a band model that characterizes an itinerant nature of electrons, electronic excitations are described in terms of an electron-hole pair at a particular symmetric point or a valence exciton by the total momentum conservation rule of a system. 16 In the case of semiconductors, SXRS has been well analyzed by the band calculation. In contrast, in a cluster or atomic model that characterizes the localized nature of electrons, they are described in terms of a dϪd or a charge transfer ͑CT͒ excitation. SXRS gives direct information on parameter values such as the d-d Coulomb interaction U dd , the hybridization between d and ligand states V eff , or the CT energy ⌬, which are often extracted from fitting parameters used in various spectroscopies such as x-ray absorption ͑XAS͒, x-ray photoemission ͑XPS͒, and so on. SXRS of rare earth compounds have been well analyzed by the localized electron calculation. This is because of the strong electron correlation effect. In the case of transition metal compounds, the electronic structures have been interpreted by the band picture, the localized electron picture, or an intermediate model such as the multisite cluster model, 17 which accounts for translational symmetry in the localized model. Polarization ͑electric field͒ dependence of incident and emitted photons has not been included in the previous SXRS measurements, so that the detailed description of elementary excitations in solids is still obscured. For further understanding, it is essential to perform polarization dependence of SXRS ͑PSXRS͒ on solids.
Including the polarization vectors of incident and emitted photons, Nakazawa et al. have analyzed the fluorescence yield ͑FY͒ and SXRS of rare earth metals based on the atomic model. 18 They have shown that the selection rule for PSXRS is followed by the total angular momentum J and its z component J z . PSXRS gives direct information about the symmetry of each elementary excitation. There exists, however, few previous works on solids where practical measurements and corresponding analysis are performed on PSXRS. 19 TiO 2 is a representative of a 3d 0 system, and the character of the electronic states near the energy gap has long been discussed in terms of both delocalized [20] [21] [22] [23] [24] [25] [26] and localized [27] [28] [29] [30] [31] [32] description. Butorin et al. measured Ti 2p SXRS of FeTiO 3 and found a broad Raman structure around 3-10 eV and a weak Raman peak at 14 eV below recombination peaks. 
II. EXPERIMENTS
Polarized soft-x-ray absorption and emission spectra of a rutile TiO 2 ͑001͒ single crystal were measured using a softx-ray spectrometer 33 installed at the undulator beamline BL-2C ͑in Photon Factory͒, at National Laboratory for High Energy Physics. 34 Synchrotron radiation was monochromatized using a varied-line spacing plain grating whose average groove density is 1000 lines/mm. The energy resolution of the incident photon was about 0.4 eV at 450 eV when we measured SXRS and was about 0.1 eV when we measured absorption spectra. Figure 1 shows the illustration of the experimental system. The incidence angle of the soft x ray was about 70°to avoid the self-absorption effect. The absorption and emission spectra were measured at ''depolarized'' and ''polarized'' configurations. When the SXRS is measured in the depolarized configuration as shown in Fig. 1͑a͒ , the polarization vector of the emitted photon rotates by 90°from the polarization vector of the incident photon. On the other hand, when the SXRS is measured in the polarized configuration, as shown in Fig. 1͑b͒ , the polarization vector of the emitted photon contains the same polarization vector as that of the incident photon. Figure 2͑a͒ displays the local bonding nature of titanium ions with surrounding oxygen ions in rutile TiO 2 . The hatched face is in the ͑001͒ plane. Rutile has two types of Ti-O bonds: short Ti-O bonds in the ͑110͒ or (11 0) plane and long Ti-O bonds toward the ͓110͔ or ͓11 0͔ axis. Figure  2͑b͒ shows the polarization vector of the incident photon in the polarized and depolarized configurations. Three axes are chosen so the z axis is parallel to the ͓001͔ axis and the xy plane is in the ͑001͒ plane. The sample rotates 90°with the experimental chamber so that the excitation axes are different in the polarized and depolarized configurations. As shown in Fig. 2͑b͒ , both types of bonds are excited by the incident photons in the polarized configuration, whereas only the short bonds are excited in the depolarized configuration. The spectrometer is of Rowland mount type with a laminar grating whose radius and groove density are 5 m and 1200 lines/mm. The energy calibration of the incident photon was carried out by the photoemission of gold 4 f line. For the accurate energy calibration of the spectrometer, we use three elastic scattering lines of TiO 2 to determine the energy scale. The total energy resolution of the system was 0.6 eV at 400 eV with a 20 m incident slit width of the spectrometer. The base pressure of the experimental chamber was kept below 2ϫ10 Ϫ10 Torr. The measurement time of SXRS was about 300 s for the excitation at the absorption peak and about 1000 s for the excitation below the threshold.
III. RESULTS AND DISCUSSION
The absorption spectra were obtained by the total electron yield method ͑TEY͒. Figure 3 shows TEY spectra of TiO 2 excited at Ti 2p threshold for the polarized and depolarized configurations. The local symmetry of a titanium ion in the rutile type structure has D 2h crystal symmetry, and the structure of TEY is roughly characterized by sharp t 2g peaks and double-splitting e g peaks due to slight distortion from the O h symmetry. The e g peak at the lower energy side originates from the long Ti-O bonds due to a hybridization effect weaker than the short Ti-O bonds, so that the intensity ratio of the higher energy to lower energy e g peaks is slightly increased at the depolarized configuration where the long Ti-O bonds are not excited. Figure 4 shows the emission spectra excited at selected energies as shown by lowercase letters in the TEY spectrum. The spectra are plotted as a function of the emitted photon energy and their intensities are normalized to the incident photon flux. The intensities of polarized and depolarized configurations are normalized so that they coincide in the fluorescence spectra. The highest energy peak in each spectrum is an elastic scattering structure, where the final state is the same as the initial state. From the Kramers-Heisenberg formula, the elastic scattering should be forbidden if the polarization vectors of the incident and emitted photons are perpendicular, as shown later. Then the elastic peaks observed in the spectra in the depolarized configuration may be accompanied by small-energy excitations, such as phonons.
When the Ti 2p core electron is excited enough above the continuum state and the excited electron spreads out of the excited core site, one obtains a Ti 3d→2 p fluorescence spectrum. The multiple-peak structure of the fluorescence is shown in the spectrum labeled n ͑excited enough above the threshold͒. The Ti 2p fluorescence corresponds to the transition from the Ti 2p core hole state to the valence hole state, each of which corresponds to the final state of Ti 2p and valence-band photoemission, respectively. Therefore it is useful to relate the fluorescence spectra with Ti 2p core 29 and valence 30 photoemission spectra as shown in Fig. 5 . In  Fig. 5͑a͒ , for example, c 3/2 Ϫ1 denotes a Ti 2p 3/2 core hole and 3d 1 L Ϫ1 a Ti 3d electron and a hole in the ligand state ͑O 2p molecular orbit͒. The satellite structures in Ti 2p photoemission spectra are located at 472.5 eV and 477.8 eV and have been assigned to the charge transfer type satellites. On the other hand, the valence-band photoemission spectra have been well analyzed by the band structure. However, even in the valence-band photoemission spectra, the charge transfer type satellites S 1 and S 2 are found. The energy of the peaks A and B in the fluorescence spectrum just equals the energy difference between the Ti 2p core and valence-band photoemission peaks. Thus, the main structures A, AЈ, B, and BЈ are elucidated by the valence-band structures. On the other hand, several structures in the fluorescence spectra correspond to the energy positions between the structures involved in the charge transfer satellites. Fluorescence is often described as a first order optical process. Jiménez-Mier et al. have explained the fluorescence structure by the calculated projected density of states. 13 They assigned the main peak around 451 eV to the transition from the peak of valence density of states to the Ti 2p 3/2 core state; they also assigned two shoulder structures at the higher energy side to the Coster-Kronig process that transfers the hole from Ti 2p 1/2 to Ti 2p 3/2 and to a multiple electron excitation, which is consistent with our analysis of peaks B and C.
In Fig. 4 , there are several features that linearly follow with the elastic peaks. Figure 6 shows Raman spectra relative to the energy loss from the elastic peaks. Short bars on each spectrum indicate the energy position of the fluorescence peaks. When the excitation energy is set to the TEY satellite region, dramatic enhancement occurs only at the polarized configuration, that is, the giant enhancement of the 14 eV energy-loss structure as shown by the vertical dotted line in the spectra labeled l and m. Small enhancement is also observed in the spectrum labeled d with a slightly larger Raman shift. This structure has an energy loss that is too large to be associated with valence-band structure but too small to be associated with O 2s structure, so that it is difficult to be analyzed using a band calculation. We give, in the following, an interpretation of the observed spectra based on a cluster model.
In the polarized and depolarized configurations, the spectra of SXRS are expressed as
where ⍀ and are, respectively, the incident and emitted photon energies, ͉g͘, ͉i͘, and ͉j͘ are initial, intermediate, and final states of the material system, respectively, E g , E i , and E j are their energies, and ⌫ represents the spectral broadening due to the core-hole lifetime in the intermediate state.
The dipole transition operator T 1 is proportional to x, which is taken in the direction of incident photon polarization, and the summation of the dipole transition operator T 2 is taken over x and y for the polarized configuration, while it is over y and z for the depolarized configuration ͑see Fig. 1͒ . The energy level diagram in the SXRS of TiO 2 is shown schematically in Fig. 7 with a TiO 6 cluster model. TiO 2 is nominally in the 3d 0 state, but actually the 3d 0 configuration is strongly mixed with a charge transferred 3d 1 L Ϫ1 configuration by the covalency hybridization. The ground state is the bonding state between the 3d 0 and 3d 1 L Ϫ1 configurations, and the antibonding state is located about 14 eV above the ground state with the cluster model parameters used by Okada and Kotani. 35 If we assume, for simplicity, the O h symmetry for the cluster as done by Okada and Kotani, both bonding and antibonding states are specified by an irreducible representation A 1g . In addition to these states, there are nonbonding 3d 1 L Ϫ1 states with A 2g ,T 1g ,T 2g ,E g ,... symmetries located near the middle of the bonding and antibonding energy levels. When a Ti 2p electron is excited to the 3d state by the incident photon, we have c Ϫ1 3d 1 and c Ϫ1 3d 2 L Ϫ1 configurations that are mixed strongly by the covalency hybridization. The main peak of the Ti 2p XAS corresponds to the bonding state between the c Ϫ1 3d 1 and c Ϫ1 3d 2 L Ϫ1 configurations, while the satellite corresponds to the antibonding state between them. The intensity of the satellite is very weak because of the phase cancellation between the wave functions of the ground and photoexcited states. Also, the x-ray absorption is almost forbidden to the nonbonding c Ϫ1 3d 2 L Ϫ1 states. In Fig. 7 , for simplicity, we disregard the effects of the spin-orbit splitting of the 2p states PRB 61and the crystal field splitting of the 3d states. If we take into account these effects, the main peak ͑and also the satellite͒ splits into four peaks.
The resonantly excited intermediate states, which correspond to the main peak and the satellite of the XAS, decay radiatively to each of the final states, i.e., the bonding, nonbonding, and antibonding states. It is easily shown from Eq. ͑1͒ and group theoretical consideration that the final states with A 1g , T 1g , T 2g , and E g irreducible representations are allowed for the polarized configuration, whereas those with only T 1g and T 2g irreducible representations are allowed for the depolarized configuration. Therefore, the elastic peak ͑bonding state͒ and the 14 eV inelastic peak ͑antibonding state͒ are allowed for the polarized configuration, but they are forbidden for the depolarized configuration. The nonbonding states are allowed both for the polarized and depolarized configurations. This result is essentially the same, even if we take a cluster with D 2h symmetry.
The strong enhancement of the 14 eV peak is qualitatively explained as follows. 15 When the excitation energy is tuned to the TEY satellite structure, the intermediate state is dominated by the antibonding state between c Ϫ1 3d 1 and c Ϫ1 3d 2 L Ϫ1 configurations. The antibonding intermediate state is likely to decay to another antibonding final state considering the phase matching between wave functions of the ground and photoexcited states, which results in the strong enhancement of the antibonding structure. This is also consistent with the depression of the elastic peak as shown in Fig. 4 . The remarkable change of the polarization dependence supports the cluster model with configuration interaction for TiO 2 . We have also observed the same enhancement of the antibonding peak in PSXRS of ScF 3 . 36 In Fig. 6 , broad structures are observed from 3 to 10 eV below the elastic peaks and are marked with dotted lines. They can be attributed to the Raman scattering structure of 3d 1 L Ϫ1 nonbonding states. Nonbonding Raman structures were observed previously 6, 10, 13 in 3d 0 compounds, but more structures are resolved in our spectra and exhibit the complex nature of Raman scattering. The spectral shape of them changes considerably as the excitation energy increases. Since the crystal field has the O h -like symmetry, 3d states consist of t 2g and double-splitting e g states, and corresponding Raman peaks may appear in SXRS. The situation is a little more complex if we consider the spatially extended Ti 3d states and the delocalized O 2p states. As shown in the valence photoemission spectra in Fig. 5 , a shoulder appears 2 eV below the main peak. In SXRS we found Raman peaks around 7 eV and 9 eV, which may correspond to the splitting of these bands. This means that nonbonding Raman structures may be elucidated by the band calculation. Very recently, Finkelstein et al. have analyzed these nonbonding Raman structures by the full band approach 37 and explained the excitation-energy dependence of them by the restricted joint density of states ͑RJDOS͒. It is essentially the same approach as SXRS of semiconductors, where the momentum conservation plays an important role.
The nonbonding Raman structures show clear polarization dependence at the spectra labeled a, d, and f. Raman structures at 7 eV and 9 eV are dominant in the depolarized configuration, whereas the Raman structure at 8 eV is dominant in the polarized configuration ͑especially in the spectrum labeled f͒. The polarization dependence of nonbonding structures in solids is an interesting study in SXRS. Figure 8 shows a comparison between SXRS and optical conductivity spectra 38 at two experimental configurations. E ʈ ͓001͔ and EЌ͓001͔ in the optical conductivity correspond to depolarized and polarized configuration in SXRS, respectively. An intense peak at 4 eV in the optical conductivity data is interpreted as the exciton peak, and other broad structures below 10 eV split into two regions: those below 6 eV are the transition from O 2p nonbonding band to the Ti 3d t 2g states and those above 6 eV are those to the Ti 3d e g states. Apart from the intense exciton peak, the energy positions of nonbonding Raman structures correspond well to those of the optical conductivity. Thus it is expected that the difference in Fig. 6 corresponds to the excitation-axis dependence as in the case of TEY. The Raman structures at 7 eV and 9 eV may correspond to the excitation from O 2p states to Ti 3d e g state originated from short Ti-O bonding. Also, the Raman structure at 8 eV may correspond to the excitation from O 2p states to Ti 3d e g states originating from long Ti-O bonding. In this way, polarization dependence and excitation energy dependence of highly resolved SXRS will give fruitful information for the valence-band transitions that have been obtained by the optical conductivity in vacuum ultraviolet region.
IV. CONCLUSIONS
We have measured and analyzed the polarization dependence of the soft-x-ray Raman scattering at the Ti 2p absorp- FIG. 8 . Energy comparison between nonbonding Raman structures and optical conductivity spectra at two configurations. The spectrum labeled a corresponds to below threshold excitation, and the spectra labeled d and f correspond to the Ti 2p 3/2 t 2g and e g excitations, respectively. tion edge of TiO 2 . Two types of Raman scattering structures are found, which correspond to the Raman scattering with charge transfer excitations to nonbonding and antibonding states between 3d 0 and 3d 1 L Ϫ1 configurations. The Raman scattering to the antibonding state is clearly enhanced when the incident photon energies are tuned at the TEY satellite. This behavior cannot be explained with band description, whereas it is well reproduced by the configuration interaction cluster calculation of TiO 2 . The Raman scattering to the nonbonding states exhibits multiple splitting structures that reflect crystal field splitting of Ti 3d electrons and the splitting due to the hybridization effect between the spatially extended Ti 3d and nonbonding O 2p states. A similar polarization dependence is found in the nonbonding Raman structures and the optical conductivity; thus detailed excitation processes of nonbonding Raman structures are determined. Using highly resolved measurements on SXRS with polarization dependence, it is possible to give evidence to prove both delocalized and localized natures in the ground state of semilocalized electronic systems.
